R ecent comprehensive critical reviews, 1 metaanalyses, 2 and other studies [3] [4] [5] have suggested that the use of various antiviral therapies for chronic hepatitis B virus (HBV) can reduce the risk of hepatocellular carcinoma (HCC) and HCC recurrence after liver resection. 6 However, the definitive effect of antivirals on the development of HCC remains in doubt, because there is insufficient evidence from randomized controlled clinical trials to assess a treatment effect on clinical outcomes. 7, 8 Outstanding questions still remain. For example, it is unclear whether treatment of patients with noncirrhotic HBV eliminates the risk of HCC 9 ; additionally, what benefits antiviral therapy has across a broad spectrum of viral load levels is uncertain. Observational studies and clinical trials examining the relationship between antiviral therapy and the development of HCC have generally been conducted in small cohorts that have been homogeneous in terms of geography, race, treatment, clinical profile, and/or viral characteristics. The Chronic Hepatitis Cohort Study (CHeCS) is a comprehensive, longitudinal cohort study assessing the clinical impact of chronic HBV and hepatitis C virus (HCV) infection in the United States. 10 Retrospective and real-time data are being collected at 4 large, integrated health systems serving approximately 4 million people in 5 geographically and racially disparate states, resulting in a diverse cohort. We examined whether antiviral HBV therapy was associated with a risk of HCC among CHeCS participants with chronic HBV infection.
Methods

CHeCS Cohort
The CHeCS investigation follows the guidelines of the US Department of Health and Human Services regarding the protection of human subjects. The protocol was approved and is renewed annually by the institutional review board at each participating site.
The CHeCS project's methods have been summarized previously. 10 Briefly, electronic administrative data and electronic health records of patients 18 years or older who had received any health services between January 1, 2006 and December 31, 2010 at a study site were used to identify candidates for the study cohort. For inclusion, patients had to fulfill at least 2 criteria (i.e., 2 positive laboratory tests consistent with current HBV infection [positive for HBV surface antigen, e-antigen, or DNA test], or a positive laboratory test and an International Classification of Diseases-9 diagnosis code, or 2 International Classification of Diseases-9 diagnosis codes obtained at least 6 months apart). Chronic HBV infection was then confirmed during chart abstraction. Eligibility for inclusion was not restricted to any particular chronic HBV disease phase.
Time of HBV diagnosis was defined as the date of the earliest finding of an HBV-associated diagnosis code and/or a positive test for HBV infection within each health system's records. Follow-up began with initiation of antiviral therapy in the treated group or time of HBV diagnosis in the untreated group, and ended with HCC, death, or last patient encounter.
Outcome
The primary outcome was time to event of HCC incidence. We searched for primary liver tumors in tumor registry records, which were implemented according to Surveillance, Epidemiology and End Results program standards at each site. Potential cancer cases for inclusion in the registry were based on a review of pathology and cytology reports, and credentialed cancer registrars completed data abstraction. Cancer diagnosis codes in administrative databases (International Classification of Diseases-9-CM codes in the range of 140-208.9) were also a source for registry case finding. Primary liver tumors diagnosed during the follow-up period were included as HCC cases. All confirmed HCC cases were incident cases, and 91% were established by anatomic pathology, cytology, and as reported on imaging reports in tumor registry records. The remaining were diagnosed clinically and by tumor marker.
To study the effect of antiviral HBV therapy on HCC incidence, antiviral treatment data were collected by chart abstraction, including any available documentation of treatment received at outside facilities. Patients were classified as having received antiviral HBV therapy if the patient had been treated with interferon a-2b, pegylated interferon a-2a or a-2b, lamivudine, entecavir, tenofovir, telbivudine, or adefovir and treatment had begun at least 1 year before HCC diagnosis (for patients who developed HCC) or the last encounter date (for patients not developing HCC). The 1-year interval was chosen to minimize both inclusion of preexisting malignancies in analyses of antiviral treatment effect and misattribution of treatment effect.
Control Variables
The methods for collecting demographic information were reported previously. 10 Clinical data were collected from the electronic health records and included assessment of comorbid conditions, coinfection with human immunodeficiency virus (HIV), liver transplantation, and laboratory testing. We calculated the Charlson/Deyo comorbidity index score from diagnosis codes in inpatient, outpatient, and claims data during the year before chronic HBV infection was diagnosed.
Coinfection with HIV was determined by the presence of HIV antibodies or a detectable HIV RNA level on quantitative or qualitative testing and was included as timedependent covariate in prediction of HCC development.
We collected data for alanine aminotransferase (ALT), aspartate aminotransferase (AST), and platelet count during the 12 months before the diagnosis of chronic HBV infection. We then calculated 2 surrogate markers of liver fibrosis: the AST/platelet ratio index (APRI score); and a composite of 4 markers of fibrosis (FIB4), which is a composite of age, ALT, AST, and platelet count. If multiple values were available, the one closest to the time of HBV diagnosis was used. For analytical purposes, log transformation was used for APRI and FIB4 because they were not normally distributed. ALT was categorized as normal or abnormal according to each site's reference range, or as unknown.
We collected HBV DNA viral load data throughout the follow-up period. Viral loads were grouped into three categories (<2000, 2000-20,000, and >20,000 IU/mL) and were included as a time-dependent covariate in prediction of HCC development. Result values reported in copies per milliliter were divided by 5 to convert to IU/mL.
Statistical Analysis
We used a propensity-score weighting method to adjust for differences between patients who had and had not received antiviral therapy. Logistic regression was used to compute the probability of receiving treatment (propensity score) based on all previously mentioned baseline covariates (study site, patient demographics, ALT elevation, and comorbidity index) except baseline serum-based fibrosis markers and HBV DNA viral loads because of incompleteness of data, and HIV status because it was time dependent. We then weighted each patient's data based on the inverse of the propensity score.
We examined the risk for HCC using simple Cox regression, followed by multiple Cox regression, including the variable of "received antiviral HBV therapy" adjusted by inverse of the propensity score. Any variable that showed a significant (P < .05) simple relationship with HCC was considered a candidate for the multiple Cox regression model. The final model retained variables that showed a significant relationship with HCC (P < .05). All analyses were adjusted for study site.
We also conducted several sensitivity analyses. We used a sample matched one-to-one on propensity score using a greedy matching algorithm. 11 This analysis resulted in 748 treated patients (of 820 possible; 91.2%) matched to 748 untreated patients. Two additional subgroup analyses were performed: a serum fibrosis marker subgroup analysis that included patients for whom baseline laboratory data were available for imputing serum-based fibrosis markers (APRI and FIB4, n ¼ 1404), and an HBV DNA viral load subgroup analysis that included patients for whom viral load data were available (n ¼ 1986).
In the serum fibrosis marker subgroup analysis, both APRI and FIB4 were included when calculating the propensity score and for assessing possible predictors of HCC. Because of a high correlation between the two markers (r > .80), each was included one at a time in multiple regression modeling if there was a simple relationship with HCC (P < .05).
In the HBV DNA viral load subgroup analysis, baseline ALT was included in the propensity score adjustment to balance the treated and untreated groups and also for assessing possible predictors of HCC. Viral load was included as a time-dependent covariate for prediction of HCC development. Analysis was first tested for treatment by viral load interaction followed by assessment of treatment effect at each viral load level, and other subgroup comparisons if an interaction was detected at a P ¼ .10 level. A significant interaction indicates that the antiviral HBV treatment effect might be influenced by viral load levels, or that viral load effects were dependent on the presence or absence of antiviral HBV therapy. The adjusted hazard ratio (aHR), 95% confidence interval (CI), and P value were reported.
Results
We found 4158 chronic HBV infection candidates based on electronic criteria, of which 2775 were confirmed to have chronic HBV infection based on chart abstraction to date. Of the 2775 patients, 99 were coinfected with HCV, and 4 had received a diagnosis of HCC more than 60 days before the diagnosis of HBV; these patients were excluded. This left 2671 patients in the study cohort. The earliest HBV diagnosis was in 1992, and median diagnosis year was 2005 (interquartile range, 2002-2007). Median follow-up time was 5.2 years (interquartile range, 3-9 years).
Enrollment and demographic information are shown in Table 1 . In all, 9% of the patients had major comorbidity at baseline (index score of 2 or 3) and 6% tested positive for HIV coinfection during follow-up. Over the follow-up period, 67 patients (3%) developed HCC. The crude HCC incidence rate was 4.2 cases per 1000 personyears.
Antiviral Hepatitis B Virus Therapy and Risk of Hepatocelluar Carcinoma Development
Of 2671 patients in the study cohort, 820 (31%) received antiviral HBV therapy. Ninety-four percent (n ¼ 770) of those treated received nucleos(t)ide analog therapy, alone or before or after interferon-based therapy, whereas the remaining 6% received only interferon or pegylated interferon-based therapy. Median treatment duration during follow-up was 45 months (interquartile range, 22-81 months). Twenty patients in the antiviral HBV treatment group developed HCC (crude incidence rate, 4.2 per 1000 person-years) versus 47 in the group that did not receive antiviral therapy (crude incidence rate, 4.2 per 1000 person-years).
Patients' characteristics were unbalanced between treated and untreated groups. Patients who received antiviral HBV therapy were older, more often male, and less likely to be Asian or Pacific Islander than were untreated patients (Table 2 ). Treated patients also had higher comorbidity scores. Among the patients with available laboratory data, a larger proportion of the treated patients had abnormal ALT at baseline. After propensity-score adjustment, demographic and clinical characteristics were balanced between the comparison groups ( Table 2) .
In simple Cox regression based on the overall cohort, age >40 years, male gender, greater comorbidity, and abnormal ALT were significantly associated with an increased risk of HCC (Table 3) . In contrast, a history of antiviral HBV therapy was significantly associated with a reduced incidence of HCC. In multiple Cox regression, older age, male gender, abnormal ALT, and comorbidity remained significantly associated with development of HCC (Table 4) . Antiviral therapy was associated with a reduction of HCC (aHR, 0.50; 95% CI, 0.35-0.72; P < .001), and this reduction persisted in analyses of the matchedpairs cohort (aHR, 0.48; 95% CI, 0.27-0.86; P ¼ .01).
A total of 1404 patients were included in the serum fibrosis marker subgroup analysis. Patients' demographic characteristics were similar to those among the overall cohort (Table 1) . Patients who received antiviral therapy had higher APRI and FIB4 scores compared with those who were not treated (P < .001). After propensity-score adjustment, the demographic and clinical characteristics, including APRI and FIB4, were balanced between the treatment groups (adjusted P values of 0.21-0.91). The multiple Cox regression results showed that the relationship between the use of antiviral HBV therapy and reduced risk of HCC persisted (aHR, 0.24; 95% CI, 0.15-0.39; P < .001; Table 4 ). Higher log FIB4 was also independently associated with HCC development (aHR, 1.97; 95% CI, 1.65-2.34; P < .001). In a separate multiple model analysis, higher log APRI was likewise associated with HCC development (aHR, 1.43; 95% CI, 1.28-1.61; P < .001).
A total of 1986 patients were included in the HBV DNA viral load subgroup analysis. Patients' demographic characteristics were similar to those among the overall cohort (Table 1) . Patients who received antiviral therapy had higher baseline ALT levels than those in the untreated group (P < .001). Among patients with viral levels available at baseline, 70% and 22% of the treated and untreated groups, respectively, had levels >20,000 IU/mL. After propensity-score adjustment, the demographic and clinical characteristics, including baseline ALT, were balanced between the treatment groups (adjusted P values of .69-.99). In the multiple Cox regression model, a significant interaction between antiviral HBV therapy and viral load level was observed (P ¼ .07). Antiviral therapy was consistently associated with a lower risk of HCC in all 3 viral load categories, with the largest and statistically significant risk reduction observed in the >20,000 IU/mL category (aHR, 0.17; 95% CI, 0.06-0.52; P ¼ .002; Table 4 ). In addition, HCC risk was significantly higher in the >20,000 IU/mL viral load category compared with the <2000 IU/mL category in the untreated group (aHR, 1.92; 95% CI, 1.16-3.17; P ¼ .011; Table 4 ) but not in the treated group.
Discussion
In this large American community-based cohort, a history of antiviral therapy for chronic HBV infection was associated with a reduction in the risk of HCC over a median of 5 years. To our knowledge, this analysis is the only US-based study to show such a benefit, and the large size and diversity of the cohort (geographic, clinical, and racial) and long duration of follow-up extend the generalizability of similar findings observed in smaller, more homogenous populations.
Given that persistent elevations in HBV DNA levels are associated with HCC, 12 viral suppression of HBV through antiviral therapy intuitively should ameliorate some of the risk of carcinogenesis. In the case of HCV infection, successful antiviral therapy that eradicates the virus has been associated with a reduced risk of HCC, 13 whereas unsuccessful antiviral therapy fails to reduce the risk of HCC. 14 In a recent comprehensive review, viral suppression with antivirals was found to be the most effective way to reduce the incidence of HBV-related HCC. 1 In our large hepatitis B cohort, multiple Cox regression analysis showed that antiviral therapy reduced the risk for HCC (aHR, 0.50; 95% CI, 0.35-0.72; P < .001), and the antiviral effect was persistent in sensitivity analyses. Our findings are therefore consistent with the predominantly Asian and European analyses included in the review, and extend them into a broader, US community-based population.
Age, male gender, degree of comorbidity, and ALT abnormality also were independent predictors of HCC in our study, in concordance with previous analyses in persons with chronic HBV infection 15 and those with cirrhosis of any etiology. 16 In addition, lack of reduction in ALT levels 12 was also associated with an increased risk for HCC.
The association between antiviral therapy and reduced risk of HCC persisted in the serum fibrosis subgroup analysis (aHR, 0.24; 95% CI, 0.15-0.39; P < .001), after adjusting for other covariates including log FIB4. Higher log FIB4 was also an independent predictor of increased risk of HCC. Notably, however, we found no interaction between log FIB4 and antiviral therapy, indicating that antiviral therapy benefits are consistent across the spectrum of fibrosis levels. Because previous studies showing antiviral therapy benefit have been predominantly in the cirrhotic population, 9 we also substituted a dichotomous FIB4 variable for log FIB4 in the multiple regression model, using a FIB4 cutoff value of 5.17 for cirrhosis that has been validated in the CHeCS HBV population (unpublished data, 2013). The results of the model with dichotomous FIB4 were consistent with the results of the model that included log FIB4. Antiviral therapy remained associated with a reduced risk of developing HCC, and patients with FIB4 levels over 5.17 had significantly higher risk of HCC compared with patients with lower FIB4 levels (aHR, 3.95; 95% CI, 2.61-5.97; P < .001). We also found no interaction between antiviral therapy and dichotomous FIB4, suggesting that patients with and without cirrhosis both benefit from antiviral therapy in reducing the risk of HCC. Our study therefore extends previous studies 9 by suggesting that antiviral therapy effectively reduces the risk of developing HCC across a spectrum of fibrosis levels, including in patients without cirrhosis.
The beneficial effect of antiviral therapy persisted in each of the three DNA viral load levels in our viral load subgroup analysis, although the largest and statistically significant effect was among patients with viral levels >20,000 IU/mL (Table 4) . Higher viral loads were associated with a higher risk of HCC in the untreated group, whereas in the treated group, we did not see a significant difference in risk of HCC among the three viral load categories. We also compared risk of HCC in the treated group, after viral load was suppressed to <2000 IU/mL, versus the untreated group whose viral loads remained >20,000 IU/mL. We found a significantly lower risk in the treated, virally suppressed group (aHR, 0.37; 95% CI, 0.22-0.65; P < .001).
The major strengths of our study are its size, setting, and diversity. The study represents outcomes in realworld scenarios rather than in restrictive clinical trial environments, and is not limited to any particular subgroup by e-antigen status, presence of cirrhosis, or other viral or disease characteristics. Furthermore, given its setting in 4 large catchment areas, our analysis reflects a broad American racial diversity. Finally, the large sample size and adjustment for covariates and propensity score enhance the robustness of the findings, as does the fact that all available antiviral treatment data were obtained from both internal and external records. The observed reduction of HCC risk associated with antiviral therapy persisted across the spectrum of liver disease (represented by ALT and FIB4) and HBV viral loads. Our study has several important limitations. First, our ability to assess the significance of various clinical and behavioral covariates was limited because study data were collected only during the routine process of care. Specifically, we had insufficient data to characterize baseline behavioral characteristics, such as alcohol, tobacco and drug use, e-antigen status, genotypes, extent of liver fibrosis determined through histologic assessment, and duration of antiviral and other therapies to include as covariates. Thus, we could not assess the possible antifibrotic effect of antiviral therapy on HCC risk. 17, 18 Nevertheless, our inclusion of FIB4 and APRI as covariates in our serum fibrosis marker subgroup analysis showed that more advanced fibrosis in patients with HBV infection was associated with an increased risk for HCC, whereas antiviral therapy remained an independent predictor of reduced risk for HCC development. Second, because CHeCS participants necessarily represent patients known to health systems, they cannot fully represent persons with chronic HBV infection in the United States, up to 30% of whom might be unaware of their infection. 19 Third, we were not able to include body mass index, diabetes, or lipid profiles in our analysis because of the high proportion of missing data for these elements. However, we did include the Charlson/Deyo comorbidity index, which was included in both the propensity score adjustment and as a covariate in the Cox regression modeling.
Finally, we used propensity score methods to adjust for differences between the treated and untreated groups based on known factors, but this uncontrolled observational study could not take into account unknown factors. Although we were not able to incorporate baseline HBV DNA levels or e-antigen status in our propensity adjustment, we note that FIB4 scores in the serum markers subgroup analysis were balanced between the treated and untreated groups after propensity score adjustment.
In conclusion, in this large US-based observational cohort study we found that HBV antiviral therapy was associated with a significantly decreased risk of HCC in patients with chronic HBV infection. These findings corroborate existing and emerging evidence of the beneficial effect of antiviral therapy in reducing risk of HBV-related HCC. Most of these studies suggest that the reduced risk of carcinogenesis is the result of suppression of HBV through antiviral therapy 1 ; we found that antiviral treatment had a beneficial effect across a After adjustment for propensity score and study site. b The estimated APRI effect was derived from the second multiple Cox regression when FIB4 was absent. The other covariates, including antiviral HBV therapy, had similar effects across the two multivariable models.
spectrum of viral load levels. Inclusion of all patients infected with HBV in our community-based cohort, without restriction to any particular stage of fibrosis or baseline viral level, allowed assessment of the effects of antiviral therapy across a range of disease severity. There was a wide distribution of FIB4 scores within our serum fibrosis subgroup, and we found no interaction between FIB4 levels and antiviral treatment in predicting HCC development, indicating that the beneficial effect of treatment is not changed by presumed fibrosis level. This is a fairly novel finding, because most studies to date have focused primarily on patients with cirrhosis. 9 Prospective studies with comprehensive baseline fibrosis data collection are needed in additional cohorts to corroborate these findings.
